The hydrolysis of ATP to ADP and P i is an integral part of all substrate reduction reactions catalyzed by nitrogenase. In this work, evidence is presented that nitrogenases isolated from Azotobacter vinelandii and Clostridium pasteurianum can hydrolyze MgGTP, MgITP, and MgUTP to their respective nucleoside diphosphates at rates comparable to those measured for MgATP hydrolysis. The reactions were dependent on the presence of both the iron ( The hydrolysis of ATP to ADP and P i has long been known to be an integral part of all nitrogenase substrate reduction reactions (1-4). The stoichiometry for coupling ATP hydrolysis to substrate reduction varies depending on reactions conditions, with a minimum of 2 ATP molecules hydrolyzed for each electron transferred to substrate (5, 6). Thus, the reduction of N 2 to 2NH 3 by nitrogenase requires the hydrolysis of at least 16 ATP molecules (Equation 1). There have been isolated examinations of the interactions of nucleotides other than adenine nucleotides with nitrogenase. To summarize, no nucleotide other than ATP has been shown to support substrate reduction, although there is a recent report that protons can be reduced at extremely low rates without ATP within an Fe protein-MoFe protein complex created with AlF 4 Ϫ ⅐ADP (10). The hydrolysis of ATP to ADP and P i is the predominant reaction observed. Apparently, the MoFe protein alone or the Fe protein-MoFe protein complex can catalyze the further hydrolysis of ADP at extremely low rates (11, 12) , although these reactions do not appear to be part of the substrate reduction mechanism. A divalent metal-bound form of ATP is required for hydrolysis, with MgATP showing the highest rates of substrate reduction (13). There is, however, evidence suggesting that nucleotides other than adenosine di-or triphosphates interact with nitrogenase. The Fe protein is known to bind 2 molecules of either MgATP or MgADP, with each resulting in distinct protein conformational changes (1). These protein conformational changes have been detected by a variety of methods. For example, the line shape of the EPR signal of the S ϭ 1/2 state of the reduced 1ϩ cluster of the Fe protein changes upon MgATP or MgADP binding (14). MgGTP was observed to induce small changes in the EPR line shape of the Fe protein, suggesting that MgGTP binds to the Fe protein and induces at least partial protein conformational changes (14) . Another technique that reports protein conformational changes in the Fe protein is the sensitivity of the [4Fe-4S] cluster to chelation by iron-specific chelators like bathophenanthroline or ␣,␣Ј-dipyridyl. In the absence of nucleotides, the [4Fe-4S] cluster of the Fe protein is resistant to chelation by chelators (15, 16). Upon binding MgATP, however, a timedependent release of all of the iron atoms from the cluster to
The hydrolysis of ATP to ADP and P i has long been known to be an integral part of all nitrogenase substrate reduction reactions (1) (2) (3) (4) . The stoichiometry for coupling ATP hydrolysis to substrate reduction varies depending on reactions conditions, with a minimum of 2 ATP molecules hydrolyzed for each electron transferred to substrate (5, 6) . Thus, the reduction of N 2 to 2NH 3 by nitrogenase requires the hydrolysis of at least 16 (9) . There have been isolated examinations of the interactions of nucleotides other than adenine nucleotides with nitrogenase. To summarize, no nucleotide other than ATP has been shown to support substrate reduction, although there is a recent report that protons can be reduced at extremely low rates without ATP within an Fe protein-MoFe protein complex created with AlF 4 Ϫ ⅐ADP (10) . The hydrolysis of ATP to ADP and P i is the predominant reaction observed. Apparently, the MoFe protein alone or the Fe protein-MoFe protein complex can catalyze the further hydrolysis of ADP at extremely low rates (11, 12) , although these reactions do not appear to be part of the substrate reduction mechanism. A divalent metal-bound form of ATP is required for hydrolysis, with MgATP showing the highest rates of substrate reduction (13) . There is, however, evidence suggesting that nucleotides other than adenosine di-or triphosphates interact with nitrogenase. The Fe protein is known to bind 2 molecules of either MgATP or MgADP, with each resulting in distinct protein conformational changes (1). These protein conformational changes have been detected by a variety of methods. For example, the line shape of the EPR signal of the S ϭ 1/2 state of the reduced [4Fe-4S] 1ϩ cluster of the Fe protein changes upon MgATP or MgADP binding (14) . MgGTP was observed to induce small changes in the EPR line shape of the Fe protein, suggesting that MgGTP binds to the Fe protein and induces at least partial protein conformational changes (14) . Another technique that reports protein conformational changes in the Fe protein is the sensitivity of the [4Fe-4S] cluster to chelation by iron-specific chelators like bathophenanthroline or ␣,␣Ј-dipyridyl. In the absence of nucleotides, the [4Fe-4S] cluster of the Fe protein is resistant to chelation by chelators (15, 16) . Upon binding MgATP, however, a timedependent release of all of the iron atoms from the cluster to the chelator occurs. MgGTP, MgCTP, and MgUTP all were observed to slightly stimulate iron chelation from the reduced Fe protein, although the rates were far below that observed upon MgATP binding (15) .
In this work, evidence is presented that nitrogenase catalyzes the hydrolysis of purine and pyrimidine nucleotides (Mg-GTP, MgITP, and MgUTP) other than ATP at significant rates. These rates were sensitive to the oxidation state of the nitrogenase proteins, with an oxidized enzyme having much greater rates of hydrolysis than the reduced enzyme. The traditional focus on the dithionite-reduced form of nitrogenase likely explains why these activities were not previously reported. The nature of the interactions of these other nucleotides with nitrogenase are examined, and the implications of these findings in understanding roles for nucleotides in the nitrogenase mechanism are discussed.
EXPERIMENTAL PROCEDURES
Expression and Purification of Nitrogenase Proteins-Azotobacter vinelandii cells were grown as described previously (17) . Clostridium pasteurianum strain W5 was a gift from Professor J. S. Chen (Virginia Polytechnic Institute and State University) and was grown as described (18) . Nitrogenase Fe and MoFe proteins were purified from each bacterial source as described (19) to apparent homogeneity as judged by migration on SDS-polyacrylamide gel with Coomassie Blue staining (20) . Protein concentrations were determined by a modified biuret method using bovine serum albumin as the standard (21) . Fe protein concentrations were also determined from the visible absorption spectrum using an absorption coefficient for the oxidized protein of 13.3 mM Ϫ1 cm Ϫ1 at 400 nm (22) . All manipulations of proteins were conducted in the absence of oxygen in sealed serum vials under an argon atmosphere or inside an anaerobic glove box (Vacuum Atmospheres Co., Hawthorne, CA) with an argon gas atmosphere with Ͻ1 ppm oxygen.
Substrate Reduction and Nucleotide Hydrolysis Activities-Acetylene and proton reduction activity assays were conducted as described previously (23) . All nitrogenase component proteins had specific activities of Ͼ1900 nmol of substrate reduced per min/mg of protein for both H 2 evolution and C 2 H 2 reduction. Substrate reduction assays all contained a MgATP regeneration system (17) . Rates of hydrolysis of MgNTPs other than MgATP were determined essentially as described (19) with the following modifications. The assay solutions consisted of 100 mM MOPS 1 (pH 7.0) with 2.5 mM MgCl 2 and 2 mM nucleotide, unless noted otherwise. When the nucleotide concentration was varied, the MgCl 2 concentration was maintained at a 1:1 molar ratio with the nucleotide concentration. Hydrolysis assays conducted under reducing conditions contained 10 mM dithionite, whereas hydrolysis assays conducted under oxidizing conditions contained 4 mM oxidized indigo disulfonate (IDS). All assays were conducted at 30°C with shaking for times ranging from 45 s to 2 min. Reaction times were chosen to minimize the accumulation of MgNDP while providing sufficient concentration of the nucleotide to allow accurate quantification. These assays did not contain a nucleoside triphosphate-regenerating system. at 262 nm (MgUDP) (24) . The Michaelis constants (K m and V max ) for MgNTP hydrolysis were determined from least-squares fits of hydrolysis rates versus nucleotide concentration to the Michaelis-Menten equation (Equation 2) using the program Igor Pro (Wavemetrics, Lake Oswego, OR),
where V i is the measured rate, V max is the maximal rate, [S] is the substrate concentration, and K m is the Michaelis constant.
Stopped-flow Spectrophotometry-Absorbance changes occurring during nitrogenase turnover were monitored with a Hi-Tech SF61 stopped-flow spectrophotometer equipped with data acquisition and curve fitting software. The SHU-61 sample handling unit was kept inside an anaerobic chamber with a gas atmosphere of 95% N 2 and 5% The reactions were allowed to proceed at 30°C for 5 min, followed by isolation of the nitrogenase complexes by HPLC using a Spherogel TSK 3000SW column (Beckman Instruments) with a mobile phase of 50 mM MOPS (pH 7.0) containing 500 mM NaCl and 800 M dithionite and a flow rate of 0.6 ml/min. Proteins were detected by their ultraviolet absorption at 280 nm.
RESULTS
Nucleotide Hydrolysis by Nitrogenase-Hydrolysis of MgATP by the Fe protein-MoFe protein complex can occur in the absence of electron transfer (termed reductant-independent ATP hydrolysis) or coupled to electron transfer. For the coupled reactions, the stoichiometry can range from a minimum of 2 ATP molecules hydrolyzed for each electron transferred to substrate (5) to very large ratios of ATP hydrolysis per electron transferred. Table I summarizes the ATP hydrolysis rates observed for nitrogenases isolated from two different bacteria, the aerobic bacterium A. vinelandii and the anaerobic bacterium C. pasteurianum. Consistent with earlier findings (11), the oxidation state of nitrogenase greatly influences the MgATP hydrolysis rate, with the dithionite-reduced state showing the highest ATP hydrolysis rates for both enzymes. Oxidation of nitrogenase with the mediator IDS (midpoint potential (E m ) ϭ Ϫ125 mV) results in the oxidation of the Fe protein [4Fe-4S] cluster to the 2ϩ oxidation state and the MoFe protein P cluster to the P 2ϩ state. Oxidation significantly lowers the rate of MgATP hydrolysis to ϳ5% of the reduced state rates. MgGTP, MgITP, and MgUTP were screened as potential substrates for nitrogenase as representative purine and pyrimidine nucleoside triphosphates. As shown in Table I , under dithionite reducing conditions, all three nucleotides were found to be hydrolyzed to their respective nucleoside diphosphates at low rates. No nucleoside monophosphates were detected as products. The rates of hydrolysis of MgGTP, MgCTP, and MgITP were Ͻ5% of the a The rates of nucleotide hydrolysis were determined as described under "Experimental Procedures" from three independent measurements.
b The designations used denote the Fe protein (Av2) and MoFe protein (Av1) from A. vinelandii and the Fe protein (Cp2) and MoFe protein (Cp1) from C. pasteurianum. The reactions were carried out in the presence of 10 mM dithionite (reduced (Red)) or 2.5 mM IDS (oxidized (Ox)). All rates were determined with a 2:1 one molar ratio of Fe protein to MoFe protein. Initial nucleotide triphosphate concentrations were 2 mM.
ATP hydrolysis rate, but were above background levels, suggesting that these nucleotides are substrates for nitrogenasedependent hydrolysis. Surprisingly, the rates of hydrolysis of GTP, CTP, and ITP were found to increase when nitrogenase was oxidized. All three nucleotides were hydrolyzed at rates substantially higher than MgATP hydrolysis rates when nitrogenase was oxidized and reached rates that ranged from 30 to 50% of the maximal rates observed for MgATP hydrolysis by reduced nitrogenase.
The lower rates of hydrolysis of MgGTP, MgCTP, and MgITP under reducing conditions could have been a result of the choice of reductant, dithionite. To test this possibility, MgGTP, MgITP, and MgUTP hydrolysis by nitrogenase was carried out in the presence of 5 mM electrochemically reduced methyl viologen (E m ϭ Ϫ450 mV) as the reductant. Reduced methyl viologen has a similar E m to that of dithionite and has previously been shown to support nitrogenase activity (28) . Similar rates of MgNTP hydrolysis were observed when either dithionite or methyl viologen was the reductant, indicating that the oxidation state of the nitrogenase proteins controls the rates of MgNTP hydrolysis, and not the choice of reductant.
Several lines of evidence indicate that these reactions are attributable to nitrogenase and not to a contaminating protein.
First, the hydrolysis reactions were observed in nitrogenase proteins isolated from different bacterial sources. The nitrogenase isolated from C. pasteurianum, unrelated to A. vinelandii, was found to demonstrate similar nucleoside triphosphatase activities (Table I) . Second, neither nitrogenase component protein (Fe or MoFe protein) alone was observed to catalyze the hydrolysis of MgNTP even after long incubation times. Third, oxygen inactivation of either nitrogenase protein prior to the initiation of the assay completely inhibited the observed MgNTP hydrolysis reactions. Fourth, the rates of MgNTP hydrolysis by nitrogenase were dependent on the ratio of the Fe and MoFe proteins (Fig. 1) . In all cases, the maximal MgNTP hydrolysis activity occurred near a 2:1 molar ratio of Fe protein to MoFe protein. Finally, all nitrogenase-catalyzed reactions are subject to inhibition by NaCl concentrations Ͼ50 mM (29) . This inhibition has been proposed to be a result of interference in the ionic interactions between nitrogenase component proteins (30) . Fig. 2 shows the inhibition of MgATP, MgGTP, MgITP, and MgUTP hydrolysis by increasing concentrations of NaCl for A. vinelandii nitrogenase when assay vials contained 10 mM dithionite (panel A) or 4 mM IDS (panel B). In either oxidation state, the hydrolysis of MgGTP, MgITP, and MgUTP was completely inhibited at NaCl concentrations Ͼ300 mM. The hydrolysis of MgATP by IDS-oxidized nitrogenase also followed a similar NaCl inhibition profile. In contrast, MgATP hydrolysis activity in the presence of dithionite was not completely inhibited until NaCl concentrations were Ͼ800 mM.
To elucidate the kinetic properties of MgNTP hydrolysis by nitrogenase, MgNTP concentrations were varied, and the effects on the MgNTP hydrolysis rates were determined. 
DISCUSSION
This work provides evidence that nitrogenase can hydrolyze purine and pyrimidine nucleotides at high rates, not just adenine nucleotides as was previously reported. The K m values measured for the hydrolysis of each nucleotide examined were near the value for ATP. From this, it can be concluded that the adenine base does not provide significant specificity for binding or hydrolysis of nucleoside triphosphates by the nitrogenase complex. Although the oxidation state of the nitrogenase proteins did not influence the K m values for hydrolysis, it did dramatically influence the maximal hydrolysis rates. Only adenine nucleotides induced substantial protein conformational changes in the Fe protein when compared with the other nucleotides examined. Furthermore, the hydrolysis of the ␥-phosphate from a nucleoside triphosphate is not sufficient to stimulate electron transfer or substrate reductions by nitrogenase. This suggests that interactions of the adenine base with the Fe protein play a more important role than previously thought in directing the energy of nucleotide binding and hydrolysis to conformational changes that influence electron transfer and substrate reduction.
Nucleotide Hydrolysis and Nitrogenase Oxidation StateThe influence of the oxidation state of the nitrogenase proteins on the hydrolysis rates for nucleoside triphosphates other than ATP probably explains why these activities have not been previously reported. Most of the earlier studies have focused on the reduced resting state of the nitrogenase proteins in the presence of low potential reductants (e.g. dithionite or reduced methyl viologen). In this state, the Fe protein [4Fe-4S] cluster is in the 1ϩ state, the P clusters are in the all-ferrous state (P N ), and FeMoco is in the dithionite-reduced resting state.
Nitrogenase Nucleoside Triphosphate Hydrolysis
Upon treatment with oxidized IDS, the Fe protein is in the [4Fe-4S] 2ϩ state, the P clusters are in the P 2ϩ state, and FeMoco remains in the resting state.
These two oxidation states of nitrogenase were found to have dramatically different activities toward hydrolysis of nucleoside triphosphates. The reduced state showed maximal rates of hydrolysis of ATP, with lower but significant rates of hydrolysis of other purine or pyrimidine nucleotides. Interestingly, the measured K m values for all of the nucleotides tested were about the same (Table II) , suggesting similar binding affinities for all of the nucleotides tested. This suggests that the lower rates of hydrolysis of non-adenine nucleotides do not result from lowered binding affinity. The oxidized state of nitrogenase showed a reversal in the activities for hydrolysis of nucleotides, with a low rate of hydrolysis of ATP and much higher rates of hydrolysis of ITP, UTP, and GTP.
How can the redox state of nitrogenase control the nucleotide hydrolysis reactions? The Fe protein alone will not hydrolyze nucleotides at detectable levels until bound to the MoFe protein. From this, it can be concluded that MoFe protein binding alters the positions of amino acid residues within the Fe protein that activate the hydrolysis reaction. Given that the MoFe protein binds some 19 Å away from the phosphate-binding region within the Fe protein (32), this activation must occur through protein conformational changes. The [4Fe-4S] cluster of the Fe protein and the P cluster of the MoFe protein are located near the protein-protein docking surface. Thus, it is reasonable that the oxidation state of one or both of these clusters might affect the protein conformational changes involved since redox changes in both the MoFe protein P cluster (33) and the Fe protein [4Fe-4S] cluster are known to result in metrical changes in the cluster dimensions. How then might these changes affect the activation of the hydrolysis reaction? First, as illustrated in Fig. 1 , the hydrolysis of all nucleotides tested for both the reduced and oxidized states of nitrogenase showed similar dependence on the concentration of Fe protein. This observation suggests that the affinity of binding of the Fe protein to the MoFe protein is similar in each case. Second, as highlighted by Fig. 2 , NaCl had a similar effect on the hydrolysis activity of all of the nucleotides tested, with a slight variation for ATP in the reduced state. Previous work has shown that increasing concentrations of NaCl decrease, in part, the affinity of binding of the Fe protein to the MoFe protein (29) . Thus, the apparent similarities in NaCl sensitivity of the various nucleotides suggest similar Fe protein-MoFe protein affinities. The ATP hydrolysis activity for reduced nitrogenase was somewhat less sensitive to NaCl, suggesting a possible tighter complex. The results from this work favor a model in which the oxidation states of the metal clusters influence the activation of the hydrolytic reaction. The idea that the status of the metal clusters of nitrogenase can influence interactions with nucleotides has been suggested before (34 -36) . Given the location of the [4Fe-4S] cluster of the Fe protein and the P cluster of the MoFe protein at the docking interface between the two proteins (32), it is reasonable to conclude that metrical changes in these cluster would affect the positioning of the substrates or hydrolytic residues through alterations in the protein conformational changes.
Nucleotide bases examined in this study (Scheme 1) emphasizes several important aspects of the interactions discovered here. First, despite the significant difference in structure between the pyrimidine and purine nucleobases, nitrogenase is capable of accommodating a large range of structures for binding and hydrolysis. Second, although the structural differences between adenine and inosine are very small (an amino group versus a hydroxyl group at C-6), the differences in coupling hydrolysis to electron transfer are infinite. This indicates that specific interactions with the C-6 moiety of the purine base must be integral to this coupling event. An examination of the structure of the AlF 4 Ϫ ⅐ADP-stabilized complex of the Fe protein with the MoFe protein (32) reveals some likely interactions of the Fe protein with the adenosine nucleobase. The side chains of Tyr 240 and Gln 236 and the carbonyl oxygen of Pro 212 are ϳ4 Å away from the adenosine amino group at C-6 and are thus likely to be involved in specific interactions with this group (32) . As noted earlier, the K m values for ATP and ITP hydrolysis are nearly identical, so these interactions are not likely to play a large role in recognition, but rather in positioning. Interactions with the amino group of adenine or the hydroxyl group of inosine probably slightly alter the position of the ribose and phosphate groups, as is apparent from the different rates of hydrolysis of the two nucleotides depending on the oxidation state of the protein.
An important conclusion that can be made from this observation is that the hydrolysis reaction is not sufficient to drive electron transfer. Earlier proposals have suggested that the transition state with ADP and P i bound is the work step used to communicate the hydrolysis energy to electron transfer (31) . The present work suggests that if this is the case, then the exact position of the ADP or P i is fundamentally important to the proper coupling of this work step with the downstream events.
In summary, it is clear that nitrogenase can hydrolyze both purine and pyrimidine nucleotides at significant rates and that the oxidation state of nitrogenase defines the rates of hydrolysis. It seems reasonable that the adenine moiety of ATP plays an important role, not so much in the binding affinity for nucleotides, but rather in directing the energy of nucleotide binding and hydrolysis to conformational changes involved in stimulating electron transfer and substrate reduction.
